Background: Evidence on associations between occupational diesel exhaust and gasoline exposure and colorectal cancer is limited. We aimed to assess the effect of workplace exposure to diesel exhaust and gasoline on the risk of colorectal cancer. Methods: This caseecontrol study included 181,709 colon cancer and 109,227 rectal cancer cases diagnosed between 1961 and 2005 in Finland, Iceland, Norway, and Sweden. Cases and controls were identified from the Nordic Occupational Cancer Study cohort and matched for country, birth year, and sex. Diesel exhaust and gasoline exposure values were assigned by country-specific job-exposure matrices. Odds ratios and 95% confidence intervals were calculated by using conditional logistic regression models. The results were adjusted for physical strain at work and occupational exposure to benzene, formaldehyde, ionizing radiation, chlorinated hydrocarbons, chromium, and wood dust. Results: Diesel exhaust exposure was associated with a small increase in the risk of rectal cancer (odds ratio ¼ 1.05, 95% confidence interval 1.02-1.08). Gasoline exposure was not associated with colorectal cancer risk. Conclusion: This study showed a small risk increase for rectal cancer after workplace diesel exhaust exposure. However, this finding could be due to chance, given the limitations of the study.
Introduction
Colorectal cancer is the third most common cancer in men and the second in women with about two-thirds of the cases occurring in countries with a high human development index [1] . The incidence rate of colorectal cancer varies widely for both sexes worldwide with the highest rates observed in Australia/New Zealand and the lowest in Western Africa [1] . The incidence rate of colorectal cancer has increased in the Nordic countries over the past decades [2] .
Obesity, lack of physical activity, smoking, alcohol intake, and consumption of red and processed meat are among lifestyle factors that have been linked to an increased risk of colorectal cancers [3e8] .
Previous studies suggested associations also with occupational agents. For example, physically active work was associated with reduced risk of colorectal cancer, particularly with distal sites of the colon [9, 10] . Prolonged exposure to asbestos was linked to an elevated risk of cancer of the total colon, distal colon, and rectum in the Prospective Netherlands Study [11] . Increased risk of colorectal cancer was also linked to night shift work [12] , benzene exposure [13, 14] , and exposure to metalworking fluids [15, 16] .
Evidence on associations between workplace diesel exhaust and gasoline exposure and colorectal cancer is scarce. Few studies observed modest association between workplace diesel exhaust exposure and risk of the colon and rectum [13,17e19] .
The aim of the present study was to assess associations between workplace diesel exhaust and gasoline exposures and colorectal cancer, including its subtypes.
Materials and methods
This caseecontrol study was nested within the Nordic Occupational Cancer Study (NOCCA) cohort. The NOCCA cohort includes 15 million persons from Finland, Iceland, Norway, Sweden, and Denmark, who were aged from 30 to 64 years on January 1 of the year after the first available census where they participated [20] . They were followed up until the date of emigration, death, or 31 December of the following years: 2003 in Denmark and Norway, 2004 in Iceland, and 2005 in Finland and Sweden [20] . Information on dates of death and emigration was obtained from Central Population Registers of these countries. Data from various registries were linked by using unique personal identification numbers. This method ensured a complete ascertainment of relevant events for each person included in the cohort because the possibility of error in identifiers is extremely small [20] . Data from Denmark were not included in the present study because we did not have access to individual-level records from this country.
All incident colorectal cancer cases diagnosed between 1961 and 2005 in Finland, Iceland, Norway, and Sweden, and reported to the national cancer registries, were included in this study. Categories of the ascending, transversal, and descending colon were used for specific analysis. The remaining sites (e.g. sigmoid colon, appendix, cecum, splenic and hepatic flexures) were combined into the category of "other colon".
Five controls for each case were randomly selected from the NOCCA cohort. Cases and controls could have a previous history of cancer other than colorectal cancer before the date of diagnosis of the case ("index date"). Cases and controls were matched by country, sex, and the year of birth, and the controls were living in the country on the index date. Study participants had to be 20 years or older on the index date and had to have at least one census record before that date.
Job titles of study participants were available from computerized census records from 1960 , 1970 , 1980 , and 1990 from 1960 from , 1970 from , and 1980 and from 1970 , 1980 , and 1990 in Finland. In Iceland, the only computerized census record was available from 1981 census [20] .
Diesel exhaust and gasoline exposure values were assigned by linking the NOCCA job-exposure matrix (NOCCA-JEM) to job titles of study participants. The NOCCA-JEM was developed by a Nordic expert panel including experts from each country, based on the template of the Finnish job-exposure matrix [21] . It assigns prevalence of exposure (P) and annual average level (L) of exposure among the exposed persons for 28 occupational agents in more than 300 specific occupational groups in four time periods: 1945e 1959, 1960e1974, 1975e1984, and 1985e1994 [22] .
We assigned a product of P and L of diesel exhaust and gasoline exposures to each year over the duration of the employment period of study participants. These values were then summed up to estimate cumulative exposures. Occupational groups exposed to diesel engine exhaust and gasoline are presented in Appendix A. The employment period of study participants was assumed to start at age 20 years (typical age at job start) and end either at age 65 years (typical retirement age) or on the index date, whichever occurred first. If a person had different occupations in different censuses, we assumed that he/ she changed occupation midway of known census years. The same procedure was used to estimate cumulative exposures for other occupational agents.
Selection of covariates for the main effect model was based on the "purposeful covariate selection" method [23] . Covariates with Wald test p-value less than 0.25 from univariate logistic regression models were selected as candidates for the multivariate model. In the next step, covariates were removed from the multivariate model if they were not significantly contributing to the model fit. This procedure suggested that benzene, formaldehyde, ionizing radiation, chromium, chlorinated hydrocarbons, wood dust, and perceived physical workload could be included into the final main effect model as covariates. Because none of these covariates were strongly correlated with diesel exhaust or gasoline, we included them in the same model.
Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated by using conditional logistic regression models.
In multilevel exposure analysis, cumulative diesel exhaust and gasoline exposures were categorized by using 50 th and 90 th percentiles of exposure distribution among exposed controls as cutpoints. Hence, the resulting exposure categories were the following: unexposed, < 50 th percentile, 50 th e90 th , and > 90 th percentile. Unexposed categories were used as a reference in all analyses. Ordinal levels of exposure categories were used as continuous to test for significance of doseeresponse relationship. In overall exposure analysis, unexposed category was defined as never exposed, and all other categories were combined into the everexposed category. Significance of interaction among diesel exhaust, gasoline, and sex were assessed by using analysis of variance. The lifestyle-related factors by occupation and gender were available from the Finnish job-exposure matrix [21] . These data were based on the Finnish Health Behaviour and Health Among the Finnish Population surveys conducted by the Finnish Institute for Health and Welfare since 1978. The purpose of these surveys was to collect information on the health of employment-aged persons to track trends and changes over time. The main topics included in the surveys were eating habits, tobacco use, physical activity, health conditions, and alcohol consumption [24] . We controlled for the following lifestyle factors in the sensitivity analysis including only the Finnish data: the proportion of daily smokers; proportion of men drinking at least eight and women drinking five portions of alcohol weekly; proportion of those who fulfill fewer than three of the four recommended dietary habits; proportion of those who have leisure time exercise less than twice a week; and proportion of those with a body mass index of 25 or higher [21] .
Other sensitivity analyses included analyses with 10-and 20-year lag time and analysis with tertile categorization. The lag time analyses were performed under the assumption that recent exposures may not be related to cancer risk. In 10-and 20-year lag time analyses, we did not count exposures occurring 10 and 20 years before the index date, respectively.
All analyses were conducted by using R statistical software, version 3.4.1 (R Core Team. 2017. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/). Table 1 shows numbers and proportions of cases for each cancer site by country, sex, and age at diagnosis. All proportions shown for cases in this table are the same also for controls because they were matched for these characteristics. The study included 181,709 colon cancer cases and 109,227 rectal cancer cases. There were more female than male colon cancer cases, whereas rectum cancer was more common in men than in women. Most of the cases were from Sweden, whereas only less than 1% were from Iceland. The median age at diagnosis was 71 years for colon cancer and 70 years for rectal cancer (Table 1) .
Results
Statistically significantly increased risk of rectal cancer (OR ¼ 1.05, 95% CI 1.02-1.08) and decreased risk of cancer of the descending colon (OR ¼ 0.88, 95% CI 0.80-0.97) were observed for overall diesel exhaust exposure (Table 2 ). Increased risk with the borderline significance was observed for the transversal colon (OR ¼ 1.05, 95% CI 1.00-1.11) and all colorectal (OR ¼ 1.02, 95% CI 1.00-1.03). Overall gasoline exposure did not seem to be associated with colorectal cancer risk ( Table 2) .
Analysis with categorical exposures showed similar risk pattern as in overall analysis (Table 3) . However, the only significantly increased risk for rectal cancer was observed for the medium diesel exhaust category (OR ¼ 1.07, 95% CI 1.04-1.11), whereas for other exposure categories, risk estimates were not significant (Table 3) .
Analysis with adjustment for lifestyle factors in the Finnish data showed associations of diesel exhaust exposure with rectal and all colorectal cancers with significant doseeresponse relationship a "Other colon" included sigmoid colon, appendix, cecum, and splenic and hepatic flexures. (p < 0.01) (Table 4) . Notably, most of the risk estimates observed in Table 3 slightly increased away from null after adjusting for lifestyle factors. Risk of rectal cancer for categorical diesel exhaust exposure remained increased also in analyses with 10-and 20-year lag time (Appendices B, C). When diesel exhaust exposure was categorized using tertile cut-off points, medium and high diesel exhaust exposure levels were significantly associated with an increased rectal cancer risk with doseeresponse relationship (OR ¼ 1.08, 95% CI 1.04-1.12 and OR ¼ 1.07, 95% CI 1.02-1.11 respectively) (Appendix D).
Discussion
The present study showed small positive association between workplace diesel exhaust exposure and rectal cancer. This association remained increased also when adjusted for lifestyle factors, when diesel exhaust exposure was categorized using tertile cut-off points, and in analysis with 10-and 20-year lag time. Observed statistically significantly decreased overall risk of descending colon cancer is likely to be a chance finding due to multiple testing as it was not confirmed in other analyses. We did not observe association between occupational gasoline exposure and colorectal cancer.
Diesel and gasoline are most widely used fuel types in combustion engines, and their emissions consist of many carcinogens, including polycyclic aromatic hydrocarbons, nitroarenes, carbon monoxide, and 3-nitrobenzathrone among others [25, 26] . Although similar particles are emitted from both gasoline-and diesel-powered engines, the distribution and surface properties of the particles are different, suggesting potential differences in health effects associated with these exposures [27] . The main route of diesel exhaust and gasoline exposure was inhalation of polluted ambient air. Some of inhaled particles accumulated in the respiratory tract could be translocated to gastrointestinal tract as a result of mucociliar clearance [28] . Previous animal studies showed that diesel exhaust particles administered via the gastrointestinal route . The unexposed category was used as a reference.
b The low gasoline exposure category was defined as 1.9 parts per million (ppm)-years; medium category 1.9e4.6 ppm-years; and high category >4.6 ppm-years. The unexposed category was used as a reference. c OR estimates were adjusted for benzene, perceived physical workload, formaldehyde, ionizing radiation, chlorinated hydrocarbons, chromium, and wood dust. d "Other colon" included sigmoid colon, appendix, cecum, and splenic and hepatic flexures.
can induce DNA adducts and oxidative stress resulting in DNA strand breaks in gastrointestinal epithelial cells [29, 30] . Accuracy and completeness of cancer incidence data is one of the strengths of the present study. Validation studies showed high degree of completeness, comparability, accuracy, and timeliness of cancer registration in the Nordic countries [31] . Reliable occupational data from census records are another advantage of the study. Previous studies demonstrated high accuracy of occupational classifications based on census records in the Nordic countries [32, 33] . Finally, by linking job histories to NOCCA-JEM, we were able to control for the effect of many concomitant agents that can be present among diesel exhaust and gasoline-exposed workers.
Potential exposure misclassification is the main limitation of the study. First, the NOCCA-JEM cannot account for exposure heterogeneity within the occupation because it assigns average exposure to all members of the occupational group. Second, the NOCCA-JEM does not separate occupations by industry. Exposure intensity and prevalence may vary by industries included into the same occupation. Third, we did not have complete job histories of study participants and therefore imputed them from available computerized census records by assuming that a person changed occupation midway between consecutive censuses. Job histories were imputed from four census records in Sweden and from three census records in Finland and Norway. In Iceland, the only available computerized census record was 1981 census. However, this is unlikely to strongly bias the main results because Icelandic population constituted only less than 1% of the overall study population (Table 1 ). In addition, previous studies demonstrated low occupational mobility in the Nordic countries [20, 32] .
We could not control for leisure time physical activity, diet, smoking, alcohol intake, and body mass index in the main analyses. These factors have been linked to colorectal cancer risk in previous studies [3,4,6e8 ]. However, we were able to assess on the aggregate level the effect of lifestyle factors on associations between diesel . The unexposed category was used as a reference.
b The low gasoline exposure category was defined as 1.9 parts per million (ppm)-years; medium category 1.9e4.6 ppm-years; and high category >4.6 ppm-years. The unexposed category was used as a reference. c OR estimates were adjusted for benzene, perceived physical workload, formaldehyde, ionizing radiation, chlorinated hydrocarbons, chromium, wood dust, smoking, alcohol, BMI, diet, and physical activity. d "Other colon" included sigmoid colon, appendix, cecum, and splenic and hepatic flexures.
exhaust, gasoline, and colorectal cancer in the Finnish part of the data. Adjustment for lifestyle factors slightly increased risk estimates away from the null. Therefore, if data on lifestyle factors were available, most of the associations observed in the main analysis would likely to be stronger. Associations observed in this study are consistent but weaker than the results from studies conducted in Canada [13, 18, 19] , which observed increased risk of rectal cancer. A recent Australian casee control study [34] reported nonsignificantly increased risk of all colorectal cancer for exposure to diesel and gasoline exhaust emissions (OR ¼ 1.14, 95% CI 0.89-1.46 for diesel and OR ¼ 1.07, 95% CI 0.84-1.36 for gasoline). The difference in results between our study and Canadian and Australian studies could in part be explained by the difference in the prevalence of diesel exhaust exposure. For example, any exposure to diesel exhaust was only 11% in our study population compared with 19% in an Australian study [34] and 18% and 36% in Canadian studies [18, 19] .
In conclusion, the present study showed a small risk increase of rectal cancer among workers occupationally exposed to diesel exhaust. However, we cannot exclude the possibility of this weak to modest association to be due to chance, given the limitations of the present study. Workplace gasoline exposure was not linked to colorectal cancer risk.
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Appendix A Occupational groups exposed to diesel engine exhaust and gasoline. b The low gasoline exposure category was defined as 1.9 parts per million (ppm)-years; medium category 1.9e4.6 ppm-years; and high category >4.6 ppm-years. The unexposed category was used as a reference. c OR estimates were adjusted for benzene, perceived physical workload, formaldehyde, ionizing radiation, chlorinated hydrocarbons, chromium, and wood dust. d "Other colon" included sigmoid colon, appendix, cecum, and splenic and hepatic flexures.
